Abstract-The electromagnetic scattering from a perfectly electric conducting (PEC) target located above or below rough surface is investigated, for the case of TM polarization, using the Method of
INTRODUCTION
Electromagnetic scattering from rough surface and subsurface targets has been a problem of long-term interest, as the targets above or below the rough surface are affected by the surrounding medium. In many cases, the interface is often considered to be a planar dielectric boundary [1, 2] . However, the contribution from the rough surface can significantly modify the scattering from the target, as compared to that from a flat surface. Some approximate analytical solutions can only be found in the case of small roughness limit [3] [4] [5] [6] [7] [21] [22] [23] [24] . Numerical simulation of scattering from both target and rough surface is available in the literature [8, 9] , which can be used to detect and identify the buried targets, such as mines, pipes, and tunnels [10] . To characterize target below the rough surface, the angular correlation function (ACF) was used to study the scattering from random rough surface. The ACF is the correlation function of two scattered fields in the directions θ s1 and θ s2 , corresponding to two incident fields in θ i1 and θ i2 , respectively. It is calculated by taking the average over realization (samples) of different rough surfaces. The ACF of scattered fields from rough surface exhibits a strong correlation known as the angular memory effect, which is generally small away from the memory line [11, 12] . The memory line obeys the angular relation sin θ s2 − sin θ s1 = sin θ i2 − sin θ i1 , which is a consequence of the statistical translation invariance of the random rough surface. The ACF technique has been applied to detect object buried in rough surface. Results show that away from the memory line, the rough surface scattering contribution to ACF is small, and the value of the ACF is completely dominated by the scattering from the buried object.
The ACF technique is superior to the conventional method based on backscattering cross section, for the TE case [13, 14] . In this paper, we investigate the scattering of tapered incident wave from a target above or below the rough surface in the TM case. The solution of the scattered field is obtained by the Method of Moment (MoM). The ACF is investigated as a function of the depth, size and horizontal position of the buried target, as well as the moisture content in the soil and the properties of the rough surface generated using the Monte-Carlo method. The calculation of the ACF shows that the enhancement of the ACF on non-memory line can be used to detect target placed below the rough surface, through appropriate choices of the reference and variable angles. The analysis on the statistical characteristics of the scattered field amplitude from object located above rough surface will also be discussed.
DESCRIPTION OF THE STATISTICAL SURFACE
The scattered fields for a single, deterministic rough surface may be useful in some cases, for example, in the comparisons with experimental results for fixed, real surface. In general, one seeks the stochastic scattering properties of an ensemble of surfaces with a given statistical distribution. The random rough surface is often characterized by the surface height probability distribution. The commonly used surface height probability distribution function is the Gaussian distribution. The non-Gaussian surface height profile has been studied and generated using different approaches [15, 16] , and finds certain applications in practical situation. Transformation methods can be used to generate the non-Gaussian random surface [17] . The Gaussian random surface can be generated easily by the spectral method, which is widely used in the calculation of wave scattering [18] . The power spectral density of rough surface is a function of the spatial frequency, and determines the power contained in the spatial Fourier components of the surface profile. For one-dimensional Gaussian rough surface, the Gaussian spectrum is given by [18] 
where
, L is the length of realization. For n < 0, F (K n ) = F * (−K −n ), where the asterisk implies complex conjugate. N (0, 1) is a random variant with a Gaussian distribution of zero mean and unit variance.
) is the Gaussian spectrum amplitude density function. l is the correlation length in the x direction, h is the root mean square (rms) height of the rough surface, and k is the spatial frequency in the x direction.
ELECTROMAGNETIC SCATTERING FROM TARGETS LOCATED ABOVE OR BELOW A ROUGH SURFACE (VERTICAL POLARIZATION OR TM CASE)
To avoid artificial edge diffraction, the incident field should not be expressed as a plane wave, but instead contains a narrow angular distribution of energy about the mean incident grazing angle. The tapered plane wave developed by Thorsos [18] satisfied this requirement, and was chosen as the incident field. This incident wave satisfied the Maxwell's equations in an approximate sense. Consider a tapered plane wave with time dependence exp(−iωt) incident on the 1-D rough surface with height profile function given by z = Z(x). The incident tapered plane wave can be expressed as 2 , θ i is the incident angle defined with respect to the normal in the counterclockwise direction, g is the tapering parameter with the dimension of length and controls the tapering of the incident wave. Typically, if MoM is applied to a domain of length L, g is chosen to be some fraction of L. This paper uses g = L/4 to avoid artificial edge diffraction by tapering the incident field to zero for region exterior to the domain. The presence of w(r) the term in (2) ensures that ψ in satisfies the wave equation to the order of 1/(k 0 g cos θ i ) 2 , where k 0 g cos θ i
1 [18] .
Formulation for EM Scattering from Targets Located above a Rough Surface
We assume that a PEC target is located above the rough surface shown in Fig. 1 . Let ψ 0 (r) and ψ 1 (r) be the magnetic field in region 0 and region 1, respectively. The fields in region 0 and region 1 satisfy the following equations: Figure 1 . The geometry of a target situated above a rough surface.
Note that ψ in is the incident field, G 0 (r, r ) and G 1 (r, r ) are the Green's functions for region 0 and region 1, where
0 (·) is zeroth-order Hankel function of the first kind. When r is on the rough surface (r ∈ s r ), the field ψ 0 (r) and ψ 1 (r) satisfied the following equation based on boundary condition:
∂n r∈rs (6) where
. The rough surface s r is discretized along the x-axis. The target's surface s o is also discretized, and the MoM with point-matching is used. We can obtain the matrix equation from (3)-(4) as follows:
The elements of the matrix are shown below:
71828138, Z (x m ) and Z (x m ) are the first-order differential, the second-order differential of rough surface height function. We can obtain the impedance terms C, F, G and H of the matrix as follows:
where Upon solving the matrix equation (8) , the scattering field in region 0 is given by
The expression for the normalized scattering coefficient with tapered plane wave incidence is given by [19] 
Formulation for EM Scattering from Targets Located below a Rough Surface
The scattered field from a PEC target buried below a rough surface can be obtained using the same method described above. The geometry of the problem is shown in Fig. 2 . The incident field, scattered field and transmitted field satisfied the following equations on the rough surface and the surface of the target, as follows Figure 2 . The geometry of a target situated below a rough surface.
Using the boundary condition, ψ 0 (r) r∈rs = ψ 1 (r)| r∈rs ,
∂n | r∈rs and the same discretisation procedure as in Section 3.1, we obtain the following matrix equation:
where V 1 (x) = ψ 0 ( r )| r∈sr , V 2 (x) = ∂ψ 0 /∂n| x∈sr , V 3 (x) = ψ 1 | x∈so and ρ = ε 1 /ε 0 . The elements in above equation can be expressed as
where the expressions for n, R, γ n , n o , R 1 , R 2 , R 3 and γ op are given in Section 3. is the profile function of the object's surface. Upon calculating the unknown surface currents V 1 (x) and V 2 (x) using MoM, the scattered field at any point above the rough surface can be obtained by integrating the product of the surface current with the Green's function. The scattered field in the region 0 is given by
The normalized scattering cross section for tapered plane wave incidence is given by [19] 
DETECTION OF TARGETS BELOW A ROUGH SURFACE
Consider the incident fields at the two directions θ i1 , θ i2 , and the corresponding scattered fields at θ s1 and θ s2 , respectively. The ACF is given by Eq. (17) below. The ACF can be calculated based on realization averaging. The ensemble average is obtained by taking the average over different samples (rough surface scatterers) with the same statistics.
where q is the realization index; N r is the number of realizations, and W 1 , W 2 are the energy fluxes through the surface at incident angles θ i1 and θ i2 , respectively. These are given by
.
ANALYSIS ON THE STATISTICAL CHARACTERISTICS OF THE COMPOSITE SCATTERED FIELD
When a target is located on land or sea and illuminated by radar, the object echoes are superimposed upon the return of the land or sea. The undesired echoes are known as clutter in radar terminology. The statistical characteristics of clutter will depend on several parameters, namely the incident angle, transmitted frequency, spatial resolution, sea state, wind direction and intensity. The polarization also affects the statistical character of clutter, particularly for grazing angles less than 20 • . Nevertheless, for the purpose of target detection, it is sometime necessary to have the probability density function (PDF) of the amplitude and correlation property of the sea or land backscattered signal. Therefore, the statistical models proposed in the literature mainly consist of stochastic processes with different clutter amplitude, distribution (such as Rayleigh, Weibull, Log-normal, K distribution etc). For completeness, we repeat the expressions of these PDFs below:
A. Rayleigh distribution
The characteristic parameters of the Rayleigh are estimated by using the method of moment [20] , i.e., a = 4 x 2 /π.
B. Weibull distribution
The cumulative probability density function is given by F (x) = 1 − exp(−x n /a), where n is the shape parameter and a is the scale parameter. When n = 2, the Weibull distribution becomes the Rayleigh distribution. The characteristic parameter can be obtained by fitting the function of ln[− ln(1 − F )] = n ln x − ln a, in the least square sense.
C. Log-normal distribution
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where m, a, are the characteristic parameters. The characteristic parameters are obtained using the method of moment, and are given by a = 2(ln x 2 − 2 ln
) and x 2 = x 2 = exp(2m+a), where x n represents the nth order moment.
NUMERICAL RESULTS AND DISCUSSIONS
Validation and Efficiency of the Computations
Reference [25] presents a rigorous analysis of the plane-wave scattering from a perfectly electrically conducting (PEC) circular cylinder in front of a reflecting surface by cylindrical-wave approach and imposing the electromagnetic boundary conditions on the surface of the conducting cylinder. The scattering of a Gaussian beam by a PEC cylinder placed onto a conducting plane is carried out by means of the extinction theorem [26] . Hence, the validation and efficiency of the computations is checked by comparisons with results obtained from reference [26] using the Gaussian beam as incident wave for planar surface. The axis of PEC the cylinder of diameter 1.2732λ is along theŷ direction. Results are shown in Figure 3 for PEC and dielectric planar surface as substrate respectively, the incidence angle is θ i == 0 • and scattering angles isθ s = −90 • ∼ 90 • . The dielectric half space is characterized by the relative permittivity ε r = 250, which has a strong reflection. This case may be useful for comparison with the results in the presence of the PEC planar surface. The incidence wave is tapered with the tapering parameter g = L/4, where the length of the rough surface is L = 20λ for the planar surface. Our results are in excellent agreement with that reported in [26] . The results are identical except for the presence of a central peak that is due to the reflection of the incident Gaussian beam by the planar surface, which is not shown in our figures. The ground surface and the targets are discretized into N = 512 and N 0 = 60 points, respectively. 
Discussions
The potential application of the ACF to detect buried target can be seen by comparing the ACF with realization averaging of the wave scattered by rough surface only and that of the rough surface with buried target. Over 150 realizations of the rough surfaces are considered. The difference in the ACF with and without the object below the rough surface, especially in the backscattering direction, is significant. Numerical results are shown for monostatic scattering at θ i1 = −θ s1 = 20 • , with varying θ i2 and θ s2 (θ s2 = −θ i2 ). In our simulations, we have chosen a rough surface length of L = 20λ, the tapering parameter g = L/4, with the frequency at 1.2 GHz. Fig. 4 shows the amplitudes of the ACF for the same target at two different depths. The radius of circular cylinder is r = 1.0λ. The other parameters used are: h = 0.25λ, l = 0.5λ, ε 1r = (3.7, 0.13) and xp = 0. It is observed that the amplitude of the ACF decreases with increasing depth, but both are higher than that of the rough surface scattering without the buried target at certain scattering angles. The number of discretisation points on the rough surface and the surface of the target are N r = 512 and N o = 100, respectively. The size of matrices in calculation are 1124 × 1124. The effect of the depth of the target on the electromagnetic scattering of buried target below rough surface interface depend on the rms surface height, surface correlation length type of roughness spectrum, polarization of incident field, beamwidth, incidence angle, and soil characteristic. Thus, it should be noted that the results presented in the paper apply only to the particular case, here the limitation on the distance d p given a certain value. Fig. 5 shows the amplitude of the ACF for buried targets of three different sizes, with r = 0.5λ, r = 1.0λ and r = 1.5λ. The other parameters used are: h = 0.25λ, l = 0.5λ, xp = 0λ, dp = 2.5λ and ε 1r = (3.7, 0.13). The results showed that the amplitude of the ACF decreases as the size of target decreases. The amplitude of the ACF, as a function of the horizontal position of the buried target, is shown in Fig. 6 . The other parameters are given by h = 0.25λ, l = 0.5λ, r = 1.5λ, dp = 2.5λ and ε 1r = (3.7, 0.13). When the buried target is within the incident beam, the scattered field consists of the scattering from both the buried target and the rough surface. The amplitude of the ACF with buried target is larger than that of the rough surface without target (horizontal position x p is less than about 2.0λ). On the other hand, when the horizontal position x p is greater than 4.0λ, the amplitude of the ACF is comparable to that of the rough surface scattering only, since the buried target is not located within the incident wave beamwidth. The results on the amplitude of the ACF for different water content in the soil are given in Fig. 7 . The other parameters used are given by h = 0.25λ, l = 0.5λ, r = 1.0λ, xp = 0 and dp = 1.5λ. The relative permittivity values ε 1r = (3.7, 0.13) and ε 1r = (16.76, 1.15) corresponded to the case of soil with water content of 5% and 30% (in region 1). Fig. 7 shows that the amplitude of the ACF for scattering from surface with buried target is comparable to that of the scattering from rough surface, due to the large attenuation of wave propagating in the soil with 30% water content. Fig. 8 shows the ACF at backscattering direction for different rough surface properties. The other parameters used are: r = 1.0λ, xp = 0, dp = 1.5λ and ε 1r = (3.7, 0.13). Results show that the amplitudes of the ACF for two different root-mean-square heights are similar. The peak at the scattering angle 20 degrees for Figure 4 to 8 can be explained as follows: Numerical results shown in Figure 4 to 8 are for reference angles at θ i1 = −θ s1 = 20 • . with varying θ i2 and θ s2 (θ s2 = −θ i2 ). This configuration provides the backscattering cross section, but the ACF magnitude intercept the memory line at θ s2 = 20 • on which the phase matching condition occurs. Thus, the peak can be observed. In general, the backscattering cross section varies slowly as a function of Figure 7 . ACF at backscattering direction for soil with different water content. angle, whereas the ACF decrease small away from the memory line due to the destructive phase interface in the coherent averaging process. Finally, statistical analysis for the amplitude of the composite scattered field from target located above rough surface was performed on about 1500 samples. We compared the empirical distribution estimated from the data (or histogram) with Rayleigh, Weibull and Log-normal distribution. The results of this histogram analysis are shown in Fig. 9 , and the value of the characteristic parameters is summarized in Table 1 . It is noted that the simulated data is very close to the Rayleigh distribution for the amplitude of the composite scattered field from rough surface only and from surface with target, in the TM case. The Weibull distribution with n = 2.0066 can be approximated by the Rayleigh distribution. The worst fitting is shown by the Log-normal distribution, as the Log-normal distribution occurred mainly in high resolution radar for low grazing angles. The parameters used in the calculation are: frequency = 1.2 GHz, θ s = −θ i ; rough surface parameter: h = 0.25λ, l = 0.5λ, L = 40λ and g = L/4; circular cylindrical target parameter: r = 1.0λ, xp = 0, and dp = 1.5λ.
CONCLUSIONS
Using the point-matching method with pulse basis functions, the scattered field from random rough surface and the composite scattered field from a target placed over or below the rough surface for TM incidence can be solved numerically. The simulation results show that the scattered field from both rough surface and target can broaden the angular correlation function, even at angles away from the memory line. The broadening of the ACF width can be used to detect buried target, since the rough surface scattering is suppressed and the buried target scattering become more conspicuous. The statistical properties of the composite scattered field amplitude can be approximated by the Rayleigh and Weibull distributions.
